The deamination of nucleobases in DNA occurs by a variety of mechanisms and results in the formation of hypoxanthine from adenine, uracil from cytosine, and xanthine and oxanine from guanine. 2¢-Deoxyxanthosine (dX) has been assumed to be an unstable lesion in cells, yet no study has been performed under biological conditions. We now report that dX is a relatively stable lesion at pH 7, 37v Å C and 110 mM ionic strength, with a half-life (t 1/2 ) of 2.4 years in double-stranded DNA. The stability of dX as a 2¢-deoxynucleoside (t 1/2 = 3.7 min at pH 2; 1104 h at pH 6) was increased substantially upon incorporation into a single-stranded oligodeoxynucleotide, in which the half-life of dX at different pH values was found to range from 7.7 h at pH 2 to 17 700 h at pH 7. Incorporation of dX into a double-stranded oligodeoxynucleotide resulted in a statistically insigni®cant increase in the half-life to 20 900 h at pH 7. Data for the pH dependence of the stability of dX in single-stranded DNA were used to determine the rate constants for the acid-catalyzed (2.6 Q 10 ±5 s ±1 ) and pH-independent (1.4 Q 10 ±8 s ±1 ) depurination reactions for dX as well as the dissociation constant for the N 7 position of dX (6.1 Q 10 ±4 M). We conclude that dX is a relatively stable lesion that could play a role in deaminationinduced mutagenesis.
INTRODUCTION
The deamination of nucleobases in DNA can occur by simple hydrolysis, by the action of deaminase enzymes (1±3) or by reactions with endogenous genotoxins, most notably nitric oxide (4±6). Among the products of nucleobase deamination, 2¢-deoxyxanthosine (dX) has received the least attention in terms of DNA repair in part due to the assumption that it is unstable and undergoes rapid depurination (7, 8) . We now report the results of studies aimed at de®ning the stability of dX under biological conditions.
All mechanisms of nucleobase deamination result in the formation of xanthine (dX as a 2¢-deoxynucleoside) from guanine, hypoxanthine (2¢-deoxyinosine, dI) from adenine, uracil (2¢-deoxyuridine, dU) from cytosine, and thymine (2¢-deoxythymidine) from 5-methylcytosine (Fig. 1) . Additionally, the reaction of nitrous acid with guanine in vitro has been shown to partition to form both xanthine and oxanine (2¢-deoxyoxanosine, dO) (8) , though the biological relevance of dO has not been demonstrated. The propensity for hydrolytic deamination occurs in the order 5-methylcytosine > cytosine > adenine > guanine (9, 10) . The half-life of uracil formation from cytosine lies in the range of 10 2 ±10 3 years with an increase to 10 4 ±10 5 years in double-stranded DNA (11±13), while C 5 -methylation of cytosine increases the rate deamination by 2-to 20-fold (12, 13) .
Nitrosative deamination of nucleobases represents another physiologically important mechanism. Among the many sources of nitric oxide (NO), macrophages activated as part of the in¯ammatory process generate NO at a rate of~6 pmol s ±1 per 10 6 cells (14) . The NO reacts rapidly with O 2 to produce nitrous anhydride (N 2 O 3 ), a potent nitrosating agent that causes deamination of aromatic amines by formation of an aryl diazonium ion (reviewed in 15). The reactivity of N 2 O 3 with nucleobases is reversed relative to hydrolytic deamination, with xanthine formation proposed to occur at twice the rate of uracil (6) and hypoxanthine (16) . In human lymphoblastoid TK6 cells exposed to NO, the levels of both xanthine and hypoxanthine increased~40-fold over untreated controls (16) .
The deamination products of DNA bases have been implicated in the formation of mutations. Especially important is the high rate of G:C®A:T mutations at CpG sites containing 5¢-methylcytosine (17) , which may result from the deamination of 5-methylcytosine to thymine (18) . The deamination of cytosine to uracil also produces G:C®A:T mutations possibly by base pairing of uracil with adenine (18, 19) . On the basis of in vitro studies (20, 21) , xanthine represents another possible source of G:C®A:T mutations. However, the assumption of rapid depurination of dX has led to the suggestion (6±8) that the G:C®A:T mutations arise by insertion of adenine opposite the resulting abasic site (22±24).
Recently, the Kow and Weiss groups (25, 26) presented evidence that Escherichia coli endonuclease V ef®ciently repairs xanthine residues. We now couple this observation with the ®rst direct determination of the stability of dX under biological conditions and we conclude that dX is a relatively stable lesion with a half-life of 2 years at 37°C and pH 7 in double-stranded DNA. These results support models in which dX plays a direct role in deamination-induced mutagenesis in cells.
MATERIALS AND METHODS

Materials
All chemicals used in the synthesis of dX and its derivatives were obtained from Sigma-Aldrich (St Louis, MO).
[g-32 P]ATP was obtained from Perkin Elmer Life Sciences (Boston, MA). Enzymes for 5¢-end-labeling were obtained from New England Biolabs (Beverly, MA). The dX-containing oligodeoxynucleotide and its complement (with dC opposite dX) were synthesized by DNAgency (Berwyn, PA) using dX phosphoramidite synthesized as described below. (20) . The resulting dX was puri®ed by HPLC with a Haisil HL reversed-phase semi-preparative column (5 mm, C18; 250 Q 10 mm) and a 0±20% acetonitrile gradient (1% increase per minute) in 50 mM ammonium acetate, pH 7, at 3 ml/min. Under these conditions, dX had a retention time of 11.5 min compared with a retention time of 9.9 min for xanthine base. Puri®ed dX: UV spectroscopy, 248 and 277 nm (l max ); ESI-MS, m/z 269 (MH + ), 153 (MH + -2¢-deoxyribose).
Synthesis of dX
Synthesis of an oligodeoxynucleotide containing dX
The O 6 -p-nitrophenylethyl-protected dX was converted to the phosphoramidite by standard procedures (27) . The product displayed the expected 31 (28) . To establish the presence of dX, the puri®ed oligodeoxynucleotide was subjected to digestion with nuclease P1 and the released nucleotides were characterized by reversed-phase HPLC (Agilent 1100; Phenomenex LUNA 5 mm, C18, 250 Q 3 mm; coupled to an Agilent 5989B ESImass spectrometer). ESI-MS analysis (PE Sciex API365) of the intact oligodeoxynucleotide indicated a mass of 9204 (theoretical 9203) compared with a mass of 9203 for the same oligodeoxynucleotide with dG replacing dX (theoretical 9202).
HPLC analysis of the stability of dX
Aliquots of a solution of dX (200 mM) in 10 mM Tris, 1 mM EDTA, pH 7.4, were diluted 20-fold into preheated (37 or 50°C) potassium phosphate buffer (50 mM, varying pH) containing 10 mM 2¢-deoxythymidine (internal standard). At various times, aliquots were removed and subjected to HPLC analysis for the disappearance of dX (and appearance of X), as described for the synthesis of dX except that an analytical (3 mm) HPLC column was employed. The ®rst-order rate constants for depurination of dX were determined from the loss of parent dX as a function of time.
Electrophoretic analysis of the stability of dX in an oligodeoxynucleotide
Substrate oligodeoxynucleotides were prepared by 5¢-32 P-endlabeling of the dX-containing strand by standard procedures (28) . The labeled strand (1 mM) was annealed to its complement (3 mM) in 10 mM Tris, 1 mM EDTA, pH 7.4, by heating to 95°C for 3 min followed by slow cooling to ambient temperature. An aliquot of the duplex oligodeoxynucleotide solution (1 ml) was then added to potassium phosphate buffer (50 mM, pH 2±12, 100 ml) and the sample incubated at either 37 or 50°C. At various times, aliquots were removed from the solution, the pH was adjusted to 7.4 (with HCl or NaOH), and abasic sites arising from depurination of dX were cleaved by putrescine dihydrochloride (100 mM; 1 h, 37°C) (29, 30) . The reaction mixture was dried in vacuo, resuspended in 95% formamide/0.02% xylene cyanol/0.02% bromophenol blue, heated at 95°C for 30 s and immediately placed on ice. Each sample was then loaded onto a 20% polyacrylamide sequencing gel (7 M urea; 30 cm Q 60 cm Q 0.4 mm) run at 2000 V for 3 h. Bands corresponding to the parent oligodeoxynucleotide and the cleavage product derived from depurination of dX were quanti®ed by phosphorimager analysis using ImageQuant software (Molecular Dynamics); the location of the cleavage product was veri®ed by comigration with a 32 P-labeled oligodeoxynucleotide of the corresponding sequence and length. At pH 7.4, dX depurination in the oligodeoxynucleotide proved to be suf®ciently slow (see Results) to permit the incubation with putrescine to cleave abasic sites. Control reactions revealed that putrescine did not affect the stability of the dX-containing oligodeoxynucleotide (data not shown). The ®rst-order rate constants for depurination of dX in single-and double-stranded oligodeoxynucleotides were determined from the decrease in the signal intensity of the parent oligodeoxynucleotide as a percentage of the total radioactivity present in the sequencing gel lane. The data were ®t to equation 2 using Kaleidagraph version 3.52 (Synergy Software).
Melting temperature determination for duplex oligodeoxynucleotides
The melting temperatures for duplex oligodeoxynucleotides containing dX, dI and dG were determined using a Cary 100 Bio UV-visible spectrophotometer. Melting temperatures were determined in potassium phosphate buffer (50 mM, pH 7.0) using a duplex oligodeoxynucleotide concentration of 718 nM and the following parameters: 260 nm wavelength; 50±90°C temperature range; 5°C/min ramp; 1 data point per°C . Three separate experiments were performed for each oligodeoxynucleotide. Studies with the single-stranded oligodeoxynucleotides did not reveal a melting temperature (data not shown), which is consistent with a lack of signi®cant secondary structure in the individual strands.
RESULTS
Characterization of dX and the dX-containing oligodeoxynucleotide
We performed the studies of the stability of dX as a nucleoside and in an oligodeoxynucleotide using direct synthesis of dX and its derivatives. The alternative approach of in situ generation of nucleobase deamination products in an oligodeoxynucleotide by treatment with nitrous acid (8) runs the risk of contamination with dO, which is formed along with dX during deamination of dG (31) , and obviates the presence of dG in one strand of the oligodeoxynucleotide. Given the presumed instability of dX, we were careful to rigorously characterize dX and its derivatives and the dX-containing oligodeoxynucleotide to ensure proper structure and purity, with emphasis on the presence of abasic sites due to dX depurination. The protection strategy used for the synthesis of dX ensures that the phosphoramidite is incorporated into the oligodeoxynucleotide in the correct orientation and that the base does not undergo depurination during phosphoramidite synthesis (20) . At each step of the synthesis of the 2¢-deoxynucleoside and oligodeoxynucleotide, we veri®ed product structure by NMR, ESI-MS and HPLC. Analysis of nuclease digestion products by LC/ESI-MS (positive ion mode) revealed a species that migrated with standard dX and yielded the expected ions at m/z 269 (MH + ) and 153 (MH + -2¢-deoxyribose). Finally, the position of the dX was con®rmed by comparing the reaction of Methanobacterium thermoautotrophicum T/G mismatch DNA glycosylase (Trevigen, Inc.) (32) with duplex oligodeoxynucleotides containing either dX or dG opposite dT. The enzyme was able to cleave thymine of the T:G mismatch construct but not the T:X mismatch (data not shown).
Stability of dX
The kinetics of depurination of dX as a 2¢-deoxyribonucleoside were determined by HPLC as loss of parent dX (and the appearance of X). Studies in oligodeoxynucleotides were performed by sequencing gel resolution of DNA fragments arising from depurination of dX in the 32 P-labeled oligodeoxynucleotide, as shown in Figure 2 for the example at pH 2. Examples of the kinetics of dX depurination are shown in the graphs in Figure 3 and the rate constants are summarized in Table 1 .
As expected, the 2¢-deoxyribonucleoside form of dX underwent depurination at a higher rate under acidic conditions, with a half-life at 37°C of 2 Q 10 2 s at pH 2 (k obs = 3.2 Q 10 ±3 s ±1 ) and 4 Q 10 6 s at pH 6 (k obs = 1.7 Q 10 ±7 s ±1 ). These rates are considerably faster than those determined for singleand double-stranded oligodeoxynucleotides under conditions of varying pH and temperature, as shown in Figure 3 and Table 1 . There is a decrease in the rate of depurination as pH is elevated, reaching what amounts to a plateau at pH 7 and above, as depicted in Figure 4 . At neutral and alkaline pH, there is variation in the experimental values due to the errors inherent in measuring small changes in the quantities of cleavage product. However, it is clear from Figure 4 that there is at least a three order-of-magnitude stabilization of dX as the pH is raised from 2 to 7.
The data for the pH dependence of dX depurination permitted estimation of the acid dissociation constant for the N 7 of dX and the rate constant for the acid-catalyzed hydrolysis of dX. By analogy to the generally established depurination of dG (33±38), depurination of dX appears to occur by two mechanisms depending on the pH, as shown in Scheme 1. At low pH (<6), there is a rapid protonation of N 7 followed by a rate-limiting cleavage of the N-glycosidic bond and rapid addition of water to the C1 position of the cationic abasic site. At pH b 7, the depurination rate becomes independent of pH due to a slower, rate-limiting direct cleavage of the N-glycosidic bond followed by rapid protonation of the anionic base and addition of water to the Figure 2 . Example of the sequencing gel analysis of dX depurination in a single-stranded oligodeoxynucleotide. Following incubation at 37°C and pH 2, the pH was adjusted to 7 and abasic sites cleaved with putrescine. Depurination at dX is indicated by the formation of a 15mer fragment. The small amount of cleavage product in the t = 0 lane was present in all samples and represents a cumulative background of dX depurination that arises during oligodeoxynucleotide synthesis and sample processing.
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cationic sugar residue. The following rate equation thus applies to these processes:
where X is depurinated xanthine base, k dX and k dXH are the rate constants for the two depurination pathways depicted in Scheme 1, and dXH is N 7 -protonated dX. It can be shown by appropriate substitution and integration of equation 1 that:
where k obs is the apparent rate constant for depurination of dX, K a is the acid dissociation constant for the N 7 position of dX, and [H + ] is the hydronium ion concentration. The value of the rate constant for pH-independent hydrolytic depurination of dX, k dX , can be derived from the limiting rate constant at pH > 7 (1.35 Q 10 ±8 s ±1 ; see Table 1 ). A reasonable initial value for k dXH is the rate constant determined at pH 2 (2.5 Q 10 ±5 s ±1 ). Due to the presence of the electron-withdrawing O 2 in dX, the proton dissociation constant for the N 7 position of dX is likely to be higher than that for dG (2.3) (39), so that the majority of dX will be protonated at pH 2 and the depurination rate constant thus a reasonable estimate of k dXH . Using values of K a in the range of 10 ±2 ±10 ±3 M and k dXH in the range of 1±5 Q 10 ±5 s ±1 as initial estimates, we ®tted the depurination data from Table 1 (single-stranded oligodeoxynucleotide at 37°C) to equation 2 and a best ®t was achieved for K a = 6.1 Q 10 ±4 M and k dXH = 2.6 Q 10 ±5 s ±1 .
The data in Table 1 also demonstrate that, at both 37 and 50°C, there is little additional stabilization of dX afforded by conversion of single-stranded to double-stranded DNA (statistically insigni®cant 10±15% increase in the half-life of the dX-containing strand at pH 7). That the double-stranded oligodeoxynucleotide retains its secondary structure at 50°C was con®rmed by T m studies. Under conditions identical to those employed in the dX stability studies, the following melting temperatures were determined for the duplex oligodeoxynucleotides containing dG, dI or dX: dG, 78.16 T 0.26°C; dI, 74.16 T 1.10°C; and dX, 73.26 T 0.53°C. The 5°C decrease in the duplex stability caused by the change from a G:C base pair to X:C is consistent with previous observations (8, 20) .
Control reactions indicated that the putrescine treatment employed to cleave abasic sites resulting from depurination of dX in oligodeoxynucleotides (29, 40) did not affect the stability of dX (data not shown). The small quantity of cleavage product apparent in the t = 0 lane in Figure 2 (3%) was present in all samples at all pHs and represents a cumulative background of dX depurination that arises during oligodeoxynucleotide synthesis and sample processing. This background cleavage was subtracted from the time course data. Depurination rate determinations at pH b 6 required reaction times of up to 2 weeks, which amounts to one half-life for the 32 P label on the oligodeoxynucleotide. In all cases, however, the quantity of cleavage product was determined relative to the total radioactivity present in the gel lane, so decay of the 32 P did not affect the rate determinations.
DISCUSSION
The present studies were undertaken to de®ne the stability of dX under biological conditions of temperature and pH. The only other study of dX stability, that reported by Suzuki et al. (8) , was performed at pH 4 and 70°C and, without knowledge of the temperature and pH dependence of dX depurination, it is not possible to extrapolate the data to biological conditions. The results of our studies reveal that dX is a relatively stable 2¢-deoxynucleoside under biological conditions of temperature and pH. At pH 7, 37°C and 110 mM ionic strength, dX in single-stranded DNA has a half-life of~2 years. The results also reveal novel insights into the chemistry of dX depurination. The depurination rate constant for dX in a single-stranded oligodeoxynucleotide was found to be inversely proportional to [H + ] at pH < 7 and independent of pH above 7 (Fig. 4) . This behavior is entirely consistent with the observed pH dependence for depurination of dG and dA as 2¢-deoxynucleosides and in DNA (33±38) and thus represents two depurination mechanisms: a speci®c acid-catalyzed (33) N-glycosidic bond cleavage of dX at pH < 7 and a pH-independent direct N-glycosidic bond cleavage at pH > 7 (Scheme 1). The studies revealed that the rate constant for the acid-catalyzed depurination of dX, k dXH = 2.6 Q 10 ±5 s ±1 , is 2000-fold greater than the pH-independent hydrolysis of dX, k dX = 1.3 Q 10 ±8 s ±1 . The latter value is~100-fold greater than the analogous rate constant of~10 ±10 s ±1 for depurination of dG and dA in DNA at 37°C and pH 7 determined by Lindahl and Nyberg (38) .
It was also observed that the incorporation of dX into single-and double-stranded DNA stabilizes it toward depurination. We observed a~5-fold stabilization of dX at pH 7 afforded by incorporation of the deoxynucleoside into single-strand oligodeoxynucleotide, which is considerably larger than the 1.1-fold effect observed by Suzuki et al. (8) XT 6 ]), while we employed a 30mer oligodeoxynucleotide in which the dX was embedded in mixture of purines and pyrimidines (-AGAXCGA-). Given the strong (4±5-fold) sequence context effects for depurination of dG and dA (36) , it is likely that the difference in dX depurination rates observed in our studies and those of Suzuki et al. (8) arise as a result of the different oligodeoxynucleotide sequences employed.
Regarding differences between single-and double-stranded DNA, there was a small (1.2±2-fold), but statistically insigni®cant, reduction in the rate of dX depurination in the double-stranded oligodeoxynucleotide compared with the single-stranded form. This is less than the 3±4-fold reduction in depurination of dG and dA in the analogous structural transition in DNA observed by Lindahl and Nyberg (38) , though some caution must be exercised in the interpretation of our results given the relatively large error incurred in the determination of depurination rates at pH 7 (Table 1) . Though speculative in the absence of NMR data, one possible explanation for the lack of a stabilizing effect in doublestranded DNA involves a dX-induced disruption of local DNA structure, such as aberrant or weak H-bonding. Such helical destabilization is supported by our observation of a 5°C decrease in the melting temperature of the duplex oligodeoxynucleotide stability containing dX. The source of the helical destabilization may be related to the relatively low pK a for the N 3 of dX (~5.6 for the 2¢-deoxynucleoside) (41) , which would result in a fair degree of negative charge on the xanthine bases at pH 7. However, is likely that the N 3 pK a is affected by H-bonding in the double-stranded structure, as observed in other studies (42, 43) .
The stability of dX may play a role in the mutagenicity of base deamination products. If dX were an unstable species, then depurination would occur prior to DNA replication and any resulting mutations, apart from those induced during repair synthesis, would result from the abasic site. However, we have demonstrated that dX is relatively stable in DNA with a half-life of 2 years. At this rate, endogenously formed dX residues, if not repaired, can be expected to undergo depurination to the extent of 3 and 11% in 1 and 4 months, respectively. Given the relatively slow rate of cell division in tissues such as the human colon (three divisions per year) (44) , the bulk of dX residues present in a cell will be present during cell replication and may thus contribute to mutagenesis. This hypothesis is supported by several studies. In repair-de®cient E.coli exposed to nitrous acid, an agent that causes nucleobase deamination (25) , the G:C®T:A mutations expected for a preponderance of apurinic sites at presumably unstable dX residues (22) represented only 0.2% of the mutations. The bulk of the mutations consisted of G:C®A:T and A:T®G:C transitions (25) . While the G:C®A:T mutations could arise by deamination of dC or 5-methyl-dC, dX has been shown to cause G:C®A:T mutations in vitro (20) . Consistent with these studies is the increase in nitrous acid-induced G:C®A:T mutations in E.coli lacking endonuclease V (25) , an enzyme that has been shown by He et al. (26) to repair dX with high ef®ciency. It is thus likely that dX contributes to the burden of mutagenic lesions in a cell.
